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Osseointegration is a well-established concept used in applications including the
percutaneous Bone-Anchored Hearing System (BAHS) and auricular rehabilitation. To
date, few retrieved implants have been described. A systematic review including cases
where percutaneous bone-anchored implants inserted in the temporal bone were
retrieved and analyzed was performed. We also present the case of a patient who
received a BAHS for mixed hearing loss. After the initial surgery, several episodes of soft
tissue inflammation accompanied by pain were observed, leading to elective abutment
removal 14 months post-surgery. Two years post-implantation, the implant was removed
due to pain and subjected to a multiscale and multimodal analysis: microbial DNA using
molecular fingerprinting, gene expression using quantitative real-time polymerase chain
reaction (qPCR), X-ray microcomputed tomography (micro-CT), histology,
histomorphometry, backscattered scanning electron microscopy (BSE-SEM), Raman
spectroscopy, and fluorescence in situ hybridization (FISH). Evidence of
osseointegration was provided via micro-CT, histology, BSE-SEM, and Raman
spectroscopy. Polymicrobial colonization in the periabutment area and on the implant,
including that with Staphylococcus aureus and Staphylococcus epidermidis, was
determined using a molecular analysis via a 16S-23S rDNA interspace [IS]-region-
based profiling method (IS-Pro). The histology suggested bacterial colonization in the skin
and in the peri-implant bone. FISH confirmed the localization of S. aureus and coagulase-
negative staphylococci in the skin. Ten articles (54 implants, 47 patients) met the inclusion
criteria for the literature search. The analyzed samples were either BAHS (35 implants) or
bone-anchored aural epitheses (19 implants) in situ between 2 weeks and 8 years.
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The main reasons for elective removal were nonuse/changes in treatment, pain, or skin
reactions.Most sampleswere evaluated using histology, demonstrating osseointegration,
but with the absence of bone under the implants’ proximal flange. Taken together, the
literature and this case report show clear evidence of osseointegration, despite prominent
complications. Nevertheless, despite implant osseointegration, chronic pain related to the
BAHS may be associated with a chronic bacterial infection and raised inflammatory
response in the absence of macroscopic signs of infection. It is suggested that a
multimodal analysis of peri-implant health provides possibil it ies for device
improvements and to guide diagnostic and therapeutic strategies to alleviate the impact
of complications.
Keywords: BAHS, bone-anchored hearing, osseointegration, infection, pain, BAHA (bone anchored hearing aid),
Holgers Index, histology
INTRODUCTION

Following the development of titanium implants for oral
rehabilitation in 1977, the bone-anchored hearing system
(BAHS) became an established form of hearing rehabilitation
for subjects suffering from conductive or mixed hearing loss and
single-sided deafness (Snik et al., 2005). The system consists of a
screw-shaped implant inserted in the temporal bone and
mounted with a percutaneous abutment, onto which a sound
processor is attached. It relies on permanent fixation of the
implant through osseointegration, and is overall considered to be
a successful treatment option with good clinical outcomes
(Lagerkvist et al., 2020). The complications are mainly related
to inflammation and infection of the soft tissue surrounding the
abutment, pain, loss of skin sensibility, and implant loss (Verheij
et al., 2016).

The success rates for permanently implanted biomaterials are
generally very high. On rare occasions, however, implants may
need to be explanted. In addition to elective causes (e.g., pain,
discomfort, psychological and esthetic considerations), reasons
for the retrieval of bone-anchored clinical implants include
mechanical failures and peri-implant infections. Retrievals of
percutaneous osseointegrated limb prostheses have been shown
to provide an opportunity to evaluate the intact bone-implant
interface (Palmquist et al., 2008; Palmquist et al., 2014), as well as
the abutment-soft tissue interface (Lennerås et al., 2017; Trobos
et al., 2018).

Preclinical studies of implants are vital for translation into
clinical applications. These studies typically include in vitro
testing and subsequent in vivo implantation of functional
devices in an appropriate animal model. However, relative to
clinical studies, animal models rarely fully mimic relevant
human in vivo situations in terms of anatomy, physiology, and
pathology. Moreover, the clinical performance of bone-anchored
percutaneous implants is typically assessed by subjective clinical
assessments and methods to evaluate the stability of the implant-
bone unit. Inevitably, the retrieval and evaluation of implants
and associated tissues from humans will provide important
knowledge of the tissue response to the device in different
tissue compartments. By ensuring that the implant is retrieved
gy | www.frontiersin.org 2
with the associated biological tissues, information pertaining to
the causes of adverse reactions, failure mechanisms, and factors
contributing to successful tissue integration can thus be obtained
(Palmquist et al., 2014; Lennerås et al., 2017; Trobos et al., 2018).
The information gained (along with clinical data) may serve to
inform device improvements, understand and eliminate
complications, enable appropriate diagnostic procedures and
guide therapeutic management strategies in order to alleviate
the impact of complications.

Elective removal of BAHS devices is relatively rare. Therefore,
to date few retrieved BAHS implants have been investigated (van
der Pouw et al., 1998; Bolind et al., 2000; Granström, 2000;
Mylanus et al., 2002; Mlynski et al., 2008; Monksfield et al.,
2011). Moreover, the technique of determining the status of the
tissue adjacent to retrieved BAHS has largely been limited to
histology on thick sections.

Chronic or recurrent pain after BAHS implantation, for no
apparent reason, affects a small percentage of the treated
population. Here we present a case of idiopathic chronic pain
after BAHS implantation. In this study we aim to provide a
multimodal explorative analysis to enhance the understanding of
this important clinical question. The introduction and
application of new analytical techniques is an important
complement to the data obtained in clinical trials since it
allows the exploration of the biological events in various peri-
implant tissue compartments. The case is presented according to
the CARE Guidelines (Riley et al., 2017), and provides a detailed
analysis of a patient with recurrent adverse soft tissue reactions
and pain, eventually leading to elective removal of the abutment
and implant. The patient in this case report was enrolled in a
larger clinical trial (Calon et al., 2018a; Strijbos et al., 2021) where
data obtained in the trial, together with analyzes justified by the
explant analysis, is presented. Techniques including analysis of
microbial DNA using molecular fingerprinting, gene expression
using quantitative real-time polymerase chain reaction (qPCR),
X-ray microcomputed tomography (micro-CT), histology,
histomorphometry, backscattered electron scanning electron
microscopy (BSE-SEM), Raman spectroscopy, and fluorescence
in situ hybridization (FISH) are employed. In addition, a
systematic literature review is performed following the
March 2021 | Volume 11 | Article 640899
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PRISMA-P checklist (Moher et al., 2015) to identify and appraise
previously published analyses of retrieved BAHS implants and
abutments. Finally, to further improve the understanding of
osseointegration and adverse events in BAHS, a suggested
approach for analysis of retrieved implant and tissue samples
is provided.
MATERIALS AND METHODS

Case Report
Implant System
The BAHS implant system consists of an abutment (5 mm in
diameter) and a screw-shaped implant (4 mm long and 4.5 mm
in diameter) machined from commercially pure titanium (Ti)
grade 4 (Ponto System, Oticon Medical AB, Askim, Sweden).
After machining, the resulting surfaces have average surface
roughness values (Sa) of 0.17 and 0.27 µm for the abutment
and implant, respectively. (Shah et al., 2016; Trobos et al., 2018)
The corresponding values for the developed surface ratio (Sdr)
are 82.0% and 14.4%, respectively.

Case Presentation
A 39-year-old Caucasian female was treated for mixed hearing
loss of the left ear by receiving a 4-mm Ponto Wide implant
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
mounted with a 12-mm abutment (Oticon Medical, Askim,
Sweden) in February 2015. The patient was enrolled in a
multicenter, randomized, and controlled trial comparing two
different techniques for installing the BAHS: the Minimally
Invasive Ponto Surgery (MIPS) technique and the linear
incision technique with soft tissue preservation (Calon et al.,
2016; Calon et al., 2018a; Strijbos et al., 2021). The patient
underwent implant surgery using the Minimally Invasive
Ponto Surgery, MIPS (Oticon Medical) through a punch
technique (Calon et al., 2016; Johansson et al., 2017). Her
otological history included several ear surgeries leading to the
creation of a radical cavity on her left side. Her medical history
included well-controlled type-2 diabetes treated with liraglutide
(Victoza, Novo Nordisk, Denmark) and metformin since 2008
and 2010, respectively. High cholesterol was treated with Crestor
(AstraZeneca, United Kingdom).

After successful implantation, the primary implant stability
quotient (ISQ) was determined to be 51 (Ostell ISQ equipment,
Ostell AB, Gothenburg, Sweden). The ISQ value rose during the
follow-up and remained stable at 57 up to a year following
implantation (Table 1). The local, macroscopic status of the skin
surrounding the percutaneous abutment was assessed using the
Holgers Index (Holgers et al., 1988). During follow-up, the
patient experienced adverse soft-tissue reactions with two
episodes of Holgers score 2 (at 6 and 11 months) and one with
TABLE 1 | Clinical outcomes, samplings, and treatments at the visits.

Visit
No.

Timea) Reason for visit Holgersb) ISQ
High

ISQ
Low

Pain
around
implantc)

Radiating
painc)

Headachec) Biopsy Swab Treatment, medication
and comments

1 0d Surgery – 52 51 – – – Yes Yes Terra-Cortril on ribbon for nine days
with healing cap.

2 9d Standard follow-up visit 0 55 53 1 0 0 No No Wound dehiscence, therefore Terra-
Cortril ointment.

3 20d Standard follow-up visit 0 53 53 0 0 0 No No Slight dehiscence.
4 24d Pain after cleaning of

abutment
0 53 52 6 0 1 No No Paracetamol if needed.

5 12w Standard follow-up visit 1 – – 0 0 0 Yes Yes Crust formation. Uses Terra-Cortril
ointment 2 times per week.

6 6.3m Pain around abutment 2 57 56 2 0 3 Yes Yes Terra-Cortril ointment (3 times per
day for 1 week).

7 6.7m Check after Holgers 2 1 56 56 0 0 0 No Yes Skin better. IS-PRO after Terra-Cortril
treatment.

8 11m Pain after wearing sound
processor and skin
irritation

2 58 57 1 0 5 No Yes Continuous inflammation under
Terra-Cortril use. Revision surgery
planned.

9 11.7m Revision surgery under
local anaesthesia

– 57 57 – – – No No Terra-Cortril on ribbon with healing
cap (1 week).

10 12m Check-up after revision 0 57 57 0 0 2 No No Terra-Cortril ointment (1 time per day
1 week).

11 13.6m Standard follow-up visit 1 57 57 1 0 2 No No –

12 14.3m Irritation complaints 3 57 57 2 3 0 No Yes Removal of abutment with placement
of cover screw.

13 15m Check-up 2 weeks after
abutment removal

– – – 0 0 0 No No Pain after abutment removal lasting
1.5 weeks.

14 25.5m Implant removal surgery – – – – – – No Yes Implant explantation
Marc
a)Days(d), weeks (w) or months (m) after surgery.
b)Holgers Index: 0 No irritation; 1 Slight redness; 2 Red and slightly moist tissue, no granuloma formation; 3 Reddish and moist; sometimes granulation tissue; 4 Removal of skin-
penetrating implant necessary due to infection.
c)Pain scores is graded in a 10-point scale. 0 representing “no pain” to 10 representing “the worst pain imaginable".
- Values not obtained or not available.
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a registered Holgers score of 3 (at 14 months) (Table 1, Figure
1A). In an attempt to reduce adverse reactions, first, treatment
with topical antibiotic cream (Terra-Cortril, Pfizer, New York,
NY, United States) was applied, and finally the abutment was
removed in May 2016, 15 months after initial insertion, leaving
the implant in the bone for possible future reinstallation of an
abutment. After removal of the abutment, the skin healed,
closing the wound over the implant without macroscopic signs
of inflammation (Figure 1B). However, the patient continued to
experience episodes of pain leading to elective implant removal
surgery in March 2017, 25 months after implantation (Figures
1C, D).

Ethics
The study was approved by the medical ethics committee (METC,
azM/UM, Maastricht, The Netherlands) (NL50072.068.14).
Additional consent was provided by the responsible ethics
committee at MUMC+ for the retrieval of the BAHS implant.
The patient provided additional written informed consent for this
case study.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
Clinical Assessment
During the study, clinical assessment and samplingwere performed
according to the study protocol (Calon et al., 2016). The patient was
assessed at inclusion, surgery, standard follow-up visits (9 days, 3
and 12 weeks), and extra consultations. During all visits, the peri-
abutment skin condition was graded using the Holgers Index
(a five-grade scale where: 0 No irritation; 1 Slight redness; 2 Red
and slightly moist tissue, no granuloma formation; 3 Reddish and
moist; sometimes granulation tissue; and 4 Removal of skin-
penetrating implant necessary due to infection) (Holgers et al.,
1988). Skin reactions assessed as Holgers ≥ 2 were defined as an
incidence of inflammation. Furthermore, pain scores indicated by
the patient, with 0 indicating no pain at all and 10 indicating the
worst conceivable pain, were obtained at all visits. Skin sensibility
and wound healing were assessed at standard follow-up visits, and
the presence of skin dehiscence and sagging, soft-tissue height, soft-
tissue overgrowth, and processors use were assessed at all follow-up
visits. Some parameters were also assessed at extra visits. The
Implant Stability Quotient (ISQ) (Osstell) measurements were
obtained directly after surgery and at all follow-up visits.
A B C D

E F G H

FIGURE 1 | (A) The BAHS with a mounted abutment at the 12-week follow-up. In the lower-left quadrant, a reddish moist irritated site can be observed. (B) The
skin after abutment removal. No signs of inflammation are observed. (C) The implant in the bone during removal surgery. On the left: Trephine used to remove the
implant is shown. (D) Retrieved implant with the surrounding bone. (E) Illustration of sampling performed at baseline prior to implantation where a skin swab (2x2 cm)
is taken at the intended implantation site, prior to the retrieval of a 1 mm soft tissue biopsy using a 1 mm biopsy punch, (F) at 12 weeks, and during episodes with
adverse skin reactions, a swab from the external side of the abutment and the peri-abutment skin are taken, and a 1 mm skin biopsy is retrieved. Finally, at implant
removal, swabs were taken on the cover screw (G) and the top of the implant (H).
March 2021 | Volume 11 | Article 640899

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Johansson et al. Multimodal Analysis of a Bone-Anchored Implant
Sample Collection
A baseline swab for microbiological analysis was obtained from a 2
by 2 cm area at the intended implant site after shaving the hair but
before disinfecting the area. After surgery, additional bacterial swab
sampleswere obtained fromtheperi-abutment skin site at 12weeks,
as well as during episodes of adverse soft-tissue reactions (Holgers
score≥ 2) (Table 1). The available external side of the abutment and
approximately 1 cm of peri-abutment skin were swabbed. If peri-
abutment fluid (e.g., moist) was present at the peri-abutment skin,
this was obtained using the same swab. No cleaning or disinfection
was performed before sampling. The samples were stored in an
Eppendorf container with 200 mL of transport buffer (IS-
Diagnostics Ltd, Amsterdam) at -20°C.

The 5 mm skin punch removed during primary surgery was
collected for baseline gene expression. At the 12-week follow-up
and during episodes of inflammation, 1 mm soft tissue biopsies
(Integra, York, USA) were obtained close to the abutment from
patients who volunteered. Samples were snap-frozen in liquid
nitrogen and stored at -80°C for a subsequent molecular analysis
using qPCR (Table 1, Figures 1E, F).

Implant Removal
At the time of implant removal, a 5-mm biopsy of the soft tissue
above the submerged implant was retrieved and immersed in a
4% paraformaldehyde solution, and bacterial swabs were
obtained from the cover screw and the top of the implant
(Figures 1G, H). The implant and the surrounding bone were
retrieved en bloc using a trephine and were immediately
submerged in a 4% paraformaldehyde solution. The soft tissue
biopsy and the implant were thereafter transported to the
Department of Biomaterials at the University of Gothenburg
(Gothenburg, Sweden), where it was entered into the biobank
(Biobank ID 513). Following dehydration in a graded series of
ethanol, the implant-bone sample was resin embedded in LR
White (London Resin Co. Ltd, UK), while the soft tissue biopsy
was embedded in paraffin according to standard methods.

Microbiology
The bacterial samples were processed according to the IS-pro
technique, which is a bacterial profiling technique that can detect
bacterial species at the DNA level (Budding et al., 2010; Budding
et al., 2016; de Meij et al., 2016). This technique has been
validated against 16S rRNA Next-Generation-Sequencing. The
procedures have previously been described (Budding et al., 2010;
Rutten et al., 2015; de Meij et al., 2016; Calon et al., 2019;
Cranendonk et al., 2019). The IS-pro™ technique is based on the
categorization of species-specific length differences in the 16S-
23S rRNA gene interspacer region of bacteria. This region is
located at the end of 16S and the beginning of 23S, which can
vary between 200 and 2000 base pairs (bp) in length. In short, the
samples were stored in an Eppendorf container with 200 µL of
the Transportbuffer (IS-Diagnostics, Amsterdam, Netherlands).
The DNA was extracted using an easyMAG machine
(bioMerieux Clinical Diagnostics, Marcy-l’ Etoile, France).
Isolated DNA was processed according to the IS-pro™ assay
(IS-Diagnostics, Amsterdam, Netherlands). Two standardized
multiplex PCR amplifications were performed. The first PCR is
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
specific for Firmicutes, Actinobacteria, Fusobacteria,
Verrucomicrobia, and Bacteroidetes (FAFV). The second PCR
is specific for Proteobacteria. PCR amplifications were performed
on a GeneAmp PCR system 9700 (Applied Biosystems, Foster
City, CA, United States). PCR fragment separation was
performed on an ABI Prism 3500 genetic analyzer (Applied
Biosystems). The resulting profiles consist of peaks with a
specific length and height. These profiles were analyzed for
species identification and quantification using IS-pro software
(IS-Diagnostics, Amsterdam, Netherlands). The data were
visualized using Spotfire version 7.10 ITIBCO, Palo Alto, CA,
United States) and R version 3.3.2. (R Foundation for Statistical
Computing, Vienna, Austria).

RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction (q-PCR)
The methods for q-PCR have been previously described, and the
results for subjects included in the multicenter trial have been
published (Calon et al., 2018c). In short, cDNA was obtained by
isolating RNA using TRI Reagent (Sigma, St. Louis, MO, USA).
Approximately 750 ng of RNA was transcribed to cDNA using
the SensiFast cDNA Synthesis Kit. The expressions of genes
related to inflammation (IL-1ß, IL-6, TNF-a, TGF-ß, MIP-1a),
tissue metabolism (TIMP-1, COL1a1), vascularization (VEGF,
FGF-2), and bacterial infection (TLR-2, TRL-4) (Sigma-Aldrich,
St. Louis, Missouri, USA) were quantified and determined. The
relative expressions were determined using LinRegPCR
(version 2016.1).

Micro-CT
The intact resin-embedded specimen was scanned in a Skyscan
1172 (Bruker micro-CT, Kontich, Belgium) micro-CT system
operating at 100 kV. The resolution was set to 5.88 µm, with 5
images averaging each 0.4° rotation step. The projection images
were reconstructed via back-projection, manually aligned along
the long axis of the implant, evaluated in terms of bone growth in
the threaded volume, and visualized in the associated program
suite (NRecon, Dataviewer, CTAn, CTVox, and CTVol). In brief,
a volume of interest was defined as a tapered cylinder
encompassing the threaded area of the implant, wherein the
bone volume was segmented via manual global thresholding
based on the morphology (Palmquist et al., 2017), prior to
performing a 3D analysis. The binary, segmented images of the
implant, regions of interest, and bone within the regions of
interest were saved. A section matching the histological ground
section was found by the manual alignment of the saved
segmented dataset, and the 3D segmentation was directly
compared to the histomorphometry by a 2D analysis of the
matching section.

Histology and Histomorphometry
Following micro-CT scanning, 50 µm thick central ground
sections were prepared by sawing and grinding (EXAKT®

Apparatebau GmbH & Co, Norderstedt, Germany) (Donath
and Breuner, 1982) and subsequently stained with toluidine
blue or May-Grünewald Giemsa staining. Qualitative histology
and quantitative histomorphometry were performed to
March 2021 | Volume 11 | Article 640899
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determine the amount of bone-to-implant contact (BIC) and
bone area (BA) within the implant threads using light optical
microscopy (Nikon Eclipse E600, Nikon NIS-Elements software,
Nikon Instruments Europe BV, Amsterdam, The Netherlands).

Backscattered Electron Scanning Electron
Microscopy (BSE-SEM)
The remaining resin-embedded bone-implant block was wet
polished with 400–4000 grit SiC grinding paper. The samples
were air-dried overnight prior to low-vacuum BSE-SEM imaging
in a Quanta 200 environmental SEM (FEI Europe B. V,
Eindhoven, The Netherlands), operated at 20 kV and a 0.5
Torr water vapor pressure.

Micro-Raman Spectroscopy
Raman imaging was performed using a confocal Raman
microscope (WITec alpha300 R, Ulm, Germany) equipped
with a 532 nm laser, as previously described (Shah et al., 2017;
Shah et al., 2018). Briefly, the laser was focused down onto the
sample surface using a ×10 objective with a numerical aperture of
0.25. The spectra were collected in the 300–1800 cm-1 spectral
range using an electron-multiplying charge-coupled device
(EMCCD) detector cooled to -60°C behind a 600 mm-1 grating
at a spectral resolution of ~4 cm-1, with an integration time of 2 s
per pixel, and a pixel size of 2 µm × 2 µm.

Fluorescence in Situ Hybridization (FISH)
Following embedding and sectioning of the soft tissue biopsy
obtained at explantation, fluorescence in situ hybridization
(FISH) was performed using a Staphylococcus aureus-CoNS
specific peptide nucleic acid (PNA) probe kit (KT005,
AdvanDx A/S, Vedbæk, Denmark) for the direct identification
and localization of S. aureus (as green) and coagulase-negative
staphylococci (CoNS) (as red) in the tissue. A drop of PNA
probe in the hybridization solution was added to each tissue
section, a coverslip was added, and the slides were placed in a
hybridization oven at 55°C for 90 min. The slides were
subsequently washed in a wash solution at 55°C for 30 min
and air-dried. The mounting medium and a coverslip were
applied, and the stained slides were visualized under a
fluorescence microscope (Eclipse E600, Nikon Instruments
Europe BV) and a confocal microscope (C2plus, Nikon
Instruments Europe BV) with a plan-apochromat 60x/1.2
water immersion objective. The excitation/emission spectra
used were a blue filter (340-380/435-485 nm), a green filter
(465-495/515-555 nm), and a red filter (540-580/600-660 nm).

Systematic Literature Review
A systematic review was undertaken according to the Preferred
Reporting Items for Systematic reviews and Meta-Analysis
Protocols (PRISMA-P) checklist (Moher et al., 2015)
(Supplementary 1).

Eligibility Criteria
Inclusion criteria included analyses of lost or electively removed
percutaneous bone anchored implants inserted in the temporal
bone using a systematic approach (Table 2). Any report,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
irrespective of language, analytical methods, study type,
patient, and without the restriction of time of publication were
included. Only articles reporting the analysis of retrieved
implants, including surrounding bone, and with or without the
abutment attached were included. Bone-anchored hearing
systems (BAHSs) and percutaneous bone anchored implants
for auricular epithesis (BAAEs) were included. Articles (or part
of articles) reporting analyses of other types of extraoral implants
not placed in the temporal bone were excluded.

Search Strategy
The systematic literature search was performed in MEDLINE,
SCOPUS, and ISI Web of Science for articles published anytime
up to September 9, 2020. The electronic search was conducted
using the following string: (((bone-anchored hearing) OR (bone
anchored auricular) OR (percutaneous AND bone-anchored) OR
BAHS OR BAHA OR BAHI) AND (retrieved OR retrieval OR
Histology OR histological OR explanted)) NOT ((al-BAHA)
OR (Baha[Author]) OR (BAHS [Author]) OR (Bahi[Author])).
This strategy was thereafter adapted to the other databases using
the search string according to Supplementary 2. This search was
complemented bymanual search of article database (MLJ) and the
citation lists of the included articles to capture any articles not
initially identified.
Data Analysis
The initial list of references (n = 394) was independently
screened by two authors (MJ and AP), and any discrepancies
were resolved via consensus. The selection process is described in
the PRISMA-P flow chart (Figure 2). The two reviewers then
independently screened the full text of articles included after
abstract review, to assess eligibility. Reasons for excluding trials
were recorded, and any disagreements were resolved through
consensus. Of note, patients within these articles that did not
meet the inclusion criteria above were also excluded (i.e.,
percutaneous bone anchored implants placed in regions other
than the temporal bone). Any disagreements were resolved by
discussion among the authors.
TABLE 2 | Inclusion and exclusion criteria.

Language Any language

Population Human subject of any age with bone-anchored hearing
systems (BAHSs) or percutaneous bone anchored
implants for auricular epithesis (BAAEs) spontaneously
lost or requiring explantation

Intervention Removal of BAHS or BAAE
Comparison Findings from analysis
Reported outcome Any type of reported outcome subsequent analysis of

retrieved implants and tissue samples (e.g., histology,
histomorphometry, microbiology)

Study design Any type of human study and case reports
Time frame Article published up to September 9, 2020
Exclusion criteria Publication not fulfilling the eligibility criteria.

In vitro and animal experiments, expert opinions and
communications were all excluded.
Extra-oral osseointegrated implants not placed in the
temporal bone region (e.g., implants for auricular
epithesis retention) were eliminated from the analysis.
March 2021 | Volume 11 | Article 640899

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Johansson et al. Multimodal Analysis of a Bone-Anchored Implant
Data from the included articles were extracted and entered into
Microsoft Excel (Redmond,WA, USA). The type of study, sex, age,
number of patients and implants, type andmodel of the implant (if
known), time in situ, reason for removal, techniques used for
analysis, and main outcome of the analysis were recorded.
RESULTS

Case report
Microbiological Identification
The IS-pro™ analyses are presented in Figure 3. The analyses
showed that at baseline, mainly skin bacteria were present, such as
Propionibacterium acnes, Staphylococcus capitis, Staphylococcus
epidermidis, and Streptococcus pneumoniae/mitis. At the 12-week
follow-up, only S. epidermidis, Staphylococcus hominis, and
S. pneumoniae/mitis were detected. In the following months, two
episodes of inflammation were observed. During these episodes of
inflammation, more bacterial species were observed, including
Haemophilus parainfluenza, Escherichia coli, and Enterococcus
faecalis (Figure 3). During visit 12, the abutment was removed.
Compared to previous visits, a polymicrobial flora, including high
amounts of Staphylococcus aureus and Finegoldia magna, was
observed (Figure 3). During visit 14, a similar polymicrobial flora
was found on both the cover screw and the implant with high
quantities of S. aureus.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
Molecular Profile
The gene expression levels were determined during a
noninflamed state (12 weeks) and an episode of inflammation
and pain (6 months) (Figure 4). During inflammation, the
expression of IL-1b, IL-6, TNF-a, MIP-1a, FGF-2, and TLR-2
in the soft tissue surrounding the abutment was strongly
upregulated compared with that in the non-inflamed state at
12 weeks, whereas the expression of TGF-b was only moderately
increased. In contrast, the TIMP-1, COL1a1 and VEGF
expressions were downregulated during inflammation
compared with the 12-weeks expression. No expression of
TLR-4 was detected at the baseline or follow-up in any of the
samples (baseline, 3 months and inflammation).

Micro-CT and Histomorphometry
The micro-CT revealed large amounts of bone around the
implant, mainly of the cortical type, with only a smaller
amount of porosity in the trephined volume (Figure 5A).
Some fractures originating from the retrieval were visible both
close to the implant top and closer to the dura side. A lack of
bone tissue was observed close to the implant in 6 out of 13
threads, especially in the thread valley region (Figure 5B). The
3D quantification of tissue ingrowth in the threaded volume of
the implant showed a bone volume fraction of 86.4%. The
segmentation was further compared to the histological
measurement, revealing similar values for the 2D sections. The
FIGURE 2 | PRISMA flow diagram of search strategy and results.
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values were 80.8% and 81.6% for the micro-CT and
histomorphometry, respectively, thereby validating the 3D
results (Figures 5B, C). The histomorphometry revealed a
direct bone-implant contact (BIC) of 57.7% and a bone area
within the threads (BA) of 81.6% (Figure 5C).
Histological Evaluation of the Bone-Implant Sample
The qualitative histological assessment of the toluidine blue-
stained sections revealed that the implant was well integrated in
dense, mature, recipient bone (Figures 5D, E). In general, the
bone appeared filling all the threads of the implant and on many
occasions in direct contact with the titanium surface at the light
microscopy level. In some threads, the soft tissue separated the
implant surface from the surrounding bone in the interface.

At high magnification (×60 water immersion objective), the
top region of the bone close to the implant flange revealed a
considerable amount of inflammatory infiltrate, containing
mainly chronic inflammatory cells, including monocytes/
macrophages, lymphocytes, and plasma cells (Figure 5F).
Whereas few polymorphonuclear cells (PMNs) were observed,
mast cells and degranulating mast cells were found on several
occasions in the cavities in the surrounding bone (Figure 5G).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
Furthermore, on some occasions small areas of necrotic bone
spicules surrounded by macrophages (Figure 5G) and bone
sequesters (Figure 5H) were detected within the surrounding
bone at a distance from the implant. Moreover, the evaluation of
the Giemsa-stained sections showed the presence of darkly
stained bacteria-like microstructures, sporadically found in
some of the bone cavities at a distance from the implant
(Figure 5I).

BSE-SEM corroborated the histological observations. Within
the implant threads as well as around the implant, large amounts
of remodeled, highly mineralized, lamellar/osteonal bone were
observed (Figure 6). Within the implant thread, Raman imaging
revealed typical components of mature bone, i.e., apatite (v1 PO

3−
4

peak at 960 cm-1, v2 PO3−
4 band centered at approximately 432

cm-1, v4 PO
3−
4 band centered at approximately 580 cm-1, and v1

CO2−
3 peak at 1070 cm-1) and type-I collagen (amide III band at

1215–1300 cm-1).

Histological Evaluation of the Soft Tissue Sample
The histological assessment of the skin sample, which had
grown over the BAHS implant, showed a normal appearance of
the epithelial layers of the epidermis and the subepithelial,
vascularized, connective tissue dermis (Figure 7A). Clusters of
FIGURE 3 | Relative abundance of bacteria on BAHS over time using the IS-pro technique. The color indicates the relative abundance of specific bacterial species
at each time point, with red indicating the highest abundance. Location indicates the area where a cotton swab was taken for microbiological analysis: at the
baseline, a swab of the intended implantation site was obtained; at different visits, a swab of the skin penetrating abutment and 1 cm of peri-abutment skin was
obtained; and at implant retrieval, two additional swabs were obtained from the implant and cover screw.
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darkly stained bacterial cell aggregates were frequently
detected in the dermal connective tissue (Figure 7A-C).
Variable degrees of inflammatory cell infiltrates were
detected, consisting predominantly of macrophages and
lymphocytes and to a lesser degree of plasma cells and mast
cells. However, PMNs were seldom detected (Figures 7B, C,
E, F). Some of the inflammatory cells assumed interaction with
the bacterial cells, indicated by the proximity to the bacterial
aggregates as well as the presumed intracellular bacteria
(Figure 7B). On some occasions, relatively dense bacterial
cell aggregates were also found within the skin appendages in
association with the hair follicles (Figure 7D). A FISH analysis
of soft tissue further confirmed the presence of bacteria, such
as single cells and clusters, across the epidermis and dermis
(Figure 7G-I). Both S. aureus (green) and CoNS (red) were
identified in the soft tissue, as observed by the strong green and
red fluorescent cocci (≤1 mm) over the autofluorescent soft
tissue in the background.

Systematic Literature Review
Study Selection
The literature search resulted in the identification of 394 studies
(Figure 2). After removal of duplicates, the titles and abstracts
were initially screened for inclusion, resulting in the
consideration of 32 publications. After independently reading
the full-text (authors MLJ and AP), 6 articles fulfilled the
inclusion criteria and were selected for inclusion. The manual
search and screening of reference lists resulted in the further
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
addition of 4 articles leading to a total of 10 articles, published
between 1987 and 2008, to be included in the review (Jacobsson
et al., 1987; Tjellstrom et al., 1988; Holgers et al., 1994a; van der
Pouw et al., 1998; Bolind et al., 2000; Granström, 2000; Mylanus
et al., 2002; Bolind et al., 2006; Khwaja et al., 2008; Mlynski
et al., 2008).

Study Characteristics
The articles report the analysis of 54 implants from 47 patients.
Of these, 35 were BAHS implants from 35 patients, whereas 19
BAAE implants from 12 patients were evaluated. The time in situ
varied between 2 weeks and 8 years (Table 3). All implants were
machined from commercially pure titanium with a diameter of
3.75 mm and a length of 3 or 4 mm manufactured by Cochlear
Nordic, Sweden (previously Nobel Pharma and Entific AB,
Sweden). Reasons for the 40 elective removals were: non-use of
devices or changes in treatment (n=13, 33%), pain (n=11, 28%),
adverse skin reactions (n=9, 23%), postmortem (n=4, 10%),
tumor excision (n=2, 5%) and mechanical problems (n=1, 3%).
In addition, failed implants due to trauma (n=2) or spontaneous
loss (n=2) were collected for analysis. Finally, 10 implants were
planned for removal from volunteers.

Synthesis of Result From Literature Review
The majority of the implants together with the surrounding bone
were embedded in resin, ground sectioned, and evaluated
histologically (42 of 53). Thirty-nine specimens were analyzed
histomorphometrically with respect to bone-to-implant contact
FIGURE 4 | Quantitative PCR analysis to evaluate the relative expression of genes related to inflammation (IL-1b, IL-6, IL-8, TNF-a, IL-17, IL-10, TGF-ß, MIP-1a),
extracellular matrix (MMP-9, TIMP-1, COL1a1), vascularization (VEGF, FGF-2), and bacterial infection (TLR-2). H1 indicates the Holgers 1 score according to the
Holgers Index scoring. H2 indicates the Holgers 2 score, which was defined as an episode of soft tissue inflammation.
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(BIC) and bone area in threads (BA). The BIC ranged between
27.8-87.9%, with the lower values obtained for the implants with
short in situ periods, whereas the BA ranged between 48.0-97.4%.
All implants, except the two spontaneously lost and one explanted
(4 months in situ), were surrounded by and integrated with the
bones of varying maturity, depending on time in situ. A common
finding was the absence of bone tissue below the proximal flange
down to approximately the first thread of the implant. This area
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10
was instead occupied by soft tissue containing a varying amount of
inflammatory cells, such as polymorphonuclear granulocytes
(PMNs), indicating sub-acute to chronic inflammation. The
adjacent bone showed signs of bone resorption in some samples.
Two studies reported that the area below the apical part of the
implant contained acellular tissues, which were seemingly bone
flakes originating from the creation of the osteotomy (van der
Pouw et al., 1998; Mylanus et al., 2002).
A B C

D E F

G H I

FIGURE 5 | Micro-CT images, histomorphometry, and histological assessment of the bone-implant sample of the BAHS implant. (A)MicroCT 3D reconstruction of the
retrieved implant with surrounding bone. (B) Region of interest and segmentation of the bone surrounding the implant. (C) Histomorphometric data, BA=Bone area,
BIC=Bone to implant contact. (D) Toluidine blue-stained section shows the implant integrated with the recipient temporal bone site, with dense mature bone filling the
implant threads and in contact with the titanium surface in most of the threads. The green, yellow and red boxes in (D) represent selected regions presented at higher
magnifications in (E–I), respectively. (F) Toluidine blue-stained sections at high magnification show an inflammatory infiltrate in the top region at the interface of bone with the
top flange of the implant. The inflammatory infiltrate consists of mainly chronic inflammatory cells, containing mononuclear/macrophage, lymphocyte, and plasma cell types
(exemplified by the black arrowhead, black arrow, and yellow arrow in (F), respectively). (G, H)On several occasions, necrotic bone (Nc.b) and bone sequesters (Bs) were
found in cavities of the surrounding bone. The necrotic bone islets always appeared surrounded by spindle-shaped elongated macrophages [exemplified by the black
arrowhead in (G)]. Mast cells were frequently detected in the bone cavities [some are indicated by the red arrow in (G)]. (I) The Giemsa-stained section shows the presence
of coccoid bacteria-like microstructures (exemplified by the red arrowheads) in some cavities of the surrounding bone.
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One study analyzed resin-embedded bone tissue removed
from the implant using histopathology and transmission electron
microscopy, reporting the presence of keratinocytes in the bone
adjacent to the implant surface (Khwaja et al., 2008). Evidence of
gram-positive bacterial cells was also detected; however, no
biofilm was identified. Three implants, one spontaneous loss
and two from elective removal were analyzed using scanning
electron microscopy. The ultrastructural interaction between the
surrounding bone as well as osteocyte processes attaching to the
implant surface for the two electively removed implants was
demonstrated; however, none of these features were present in
the extruded implant (Mlynski et al., 2008). Nine of the ten
implants inserted in the volunteers were removed using a torque
gauge instrument after 3-4 months, with a mean removal torque
of 42.7 Ncm (range 26 to 60 Ncm) (Tjellstrom et al., 1988).

None of the studies included the abutment with its
surrounding soft tissue in the resin embedded ground sections.
However, in one case where the implant was removed due to
adverse skin reactions, several skin biopsies and peri-abutment
bacterial cultures were obtained at different time points.
At implant retrieval, an inflammatory reaction was detected in
the superficial parts of the skin tissue with accumulations of
PMNs and granulation tissue, together with the presence of
Staphylococcus aureus (Jacobsson et al., 1987). The deeper parts
of the soft tissues and the bone tissue were, however, free of
inflammatory reactions. In one study, skin and subcutaneous
tissue were collected from five explants (Mlynski et al., 2008).
Lymphocytes and granular infiltrates, indicating chronic
inflammation, were revealed in only one of the cases. One
implant was removed after 8 years following a long period of
skin irritation, which on two occasions was associated with
bacterial infection with S. aureus, despite local treatment with
steroid/antibiotic ointment and skin grafts (Holgers et al.,
1994a). The abutment was removed, and 14 months later the
implant was removed. A morphological analysis of the soft tissue
above the implant demonstrated pronounced infiltration of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11
PMNs but also macrophages and lymphocytes. Despite the
inflammatory reaction in the soft tissue, a surprisingly high
degree of bone-implant contact was revealed.
DISCUSSION

In recent decades, BAHS has become an established method of
audiological rehabilitation with high implant survival rates
(Badran et al., 2009; Dun et al., 2012; Calon et al., 2018b;
Lagerkvist et al., 2020). Osseointegration is a proven concept in
BAHS, dental rehabilitation, and prosthetic treatment of patients
with an amputated femur bone. The present study entails an
elaborate case report of a patient with a clinically stable and
osseointegrated implant reporting pain that persisted after
abutment removal. This case patient was part of a larger
controlled study evaluating the outcome after MIPS surgery
compared with linear incision (Calon et al., 2018a; Strijbos
et al., 2021). This gave the opportunity to apply a panel of
modern analytical techniques on a specific, clinically used
devices in addition to the available follow-up data. Here, the
first case report showing chronic infection of BAHS as a possible
explanation for chronic pain is provided. The present systematic
literature review showed that few BAHS and BAAE implants
have been retrieved and analyzed along with a presentation of
detailed clinical and analytical data.

Pain related to BAHS implantation is an important
complication that might, in addition to the obvious morbidity
for the individual patient, result in reduced usage of the sound
processor. Moreover, the pain might hide other underlying
causes, such as infection. However, the etiology is not fully
understood (Siau et al., 2012). As with numbness, pain is
subjective and patient-dependent. The degree of pain is
typically reported as a dichotomous outcome (present; yes or
no) or in a few reports on a visual analog scale. Pain related to
BAHS can be categorized as postsurgery and chronic or
FIGURE 6 | Backscattered electron scanning electron microscopy (BSE-SEM) and Raman imaging corresponding to the yellow box, showing the distribution of

phosphate (v1 PO3−
4 ), collagen (Amide III), and carbonate (v1 CO2−

3 ) within the implant thread.
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recurrent. Limited postoperative pain is reported for 2-9% of visits
up to one year (Hogsbro et al., 2015;Mowinckel et al., 2016; Caruso
et al., 2017; Johansson et al., 2017). Hogsbro et al. demonstrated
that when using a tissue preservation technique, no pain was
observed after one year, compared to 7% when using a tissue
reduction (dermatome) technique (Hogsbro et al., 2015). The
incidence of chronic or recurrent pain for BAHS patients is
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12
reported to be between 1.2-4.2% (van der Pouw et al., 1998;
Badran et al., 2009; Siau et al., 2012; Caspers et al., 2019).
Similarly, delayed and persistent pain around a cochlear implant
(CI) receiver/stimulator occurs in 2.8% of patients (Shapira et al.,
2015). Even though the reason for thepain couldnotbedetermined
for these CI patients, the authors speculated that biofilm formation
on the implant or loss of hermicity could be explanations.
A B C

D E F

G H I

FIGURE 7 | Histological assessment of the skin sample above the BAHS implant. (A–C) Giemsa-stained histological sections show the normal appearance of skin
structure, consisting of epidermis (Epi) and subepithelial connective tissue dermis (Derm) containing blood vessels (BV). Aggregates of bacterial cells (indicated by the
red arrowheads in A–C), as well as mononuclear/macrophage cells (indicated by the black arrowheads in B, D), are frequently detected in the connective tissue.
Some of the bacterial cells assume intracellular localization (B). The toluidine blue-stained sections also show dense bacterial aggregates in association with hair
follicles (red arrowheads in D). (E, F) Relatively dense inflammatory infiltrates are found in the deepest part of the soft tissue sample, presumably interfacing with the
bone where the implant is inserted. The inflammatory infiltrates in (E, F) consist of mononuclear cells/macrophages, lymphocytes, plasma cells, and mast cells
(indicated by black arrowheads and the yellow, black, and red arrows, respectively). (G–I) Tissue sections underwent fluorescence in situ hybridization (FISH) with a
peptide nucleic acid (PNA) probe targeting coagulase-negative staphylococci (CoNS) and Staphylococcus aureus in the tissue. CoNS (red cocci of approximately 1
mm) were detected in the tissue, both superficially at the epidermis (G) and at deeper layers of the dermis (H, I). Staphylococcus aureus (green cocci of
approximately 1 mm) was also detected in the tissue (G, H).
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TABLE 3 | Characteristics of included studies.
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Electively Removed Implants
Previous retrospective studies have shown that BAHS implants are
electively removed for reasons including idiopathic pain, adverse
skin reactions, patient preference, and non-use of hearing
devices at a rate between 1.6 and 7.2% (Mlynski et al.,2008;
Badran et al., 2009; Dun et al., 2012; Siau et al., 2012; Calon et al.,
2018b). Dun et al. reported elective removal in 1.6% (16 of 1086
implants), and of these, 37.5% (6 of 16) were removed due to
chronic pain. Siau et al. found a 4.5% elective removal rate (27 of
299). The main reasons for removal were chronic pain without
clinical manifestation of infection or inflammation in 12 patients
(44%, or 2% of the total cohort) and chronic infection in 7 cases
(26%, or 1.3% of the total cohort) (Siau et al., 2012). Badran et al.
reported a total incidence of elective removal of 7.2% (12 of 165
patients). Seven (4.2%) patients experienced chronic pain,
leading to removal for four of them (2.4%) (Badran et al.,
2009). Hence, in addition to non-usage or patient preferences,
chronic pain and chronic soft tissue reactions seem to be the
main drivers for elective removal, which is also reflected in the
systematic literature review where 28% of the analyzed explants
were removed due to pain. The review also demonstrated that
the main reason for removal was lack of benefit or a planned
change of treatment. Change of treatment, requiring removal of
the BAHS implant could be expected to be increased in the future
due to the emergence of additional treatment possibilities such
as active and passive bone-conduction implants for this
patient group.

Osseointegration
In the present case study, histology, BSE-SEM and micro-CT all
provided evidence that there was a high degree of
osseointegration. The systematic literature review revealed that
the estimated bone-to-implant contact varied between 28-88%
for stable implants with increased values over time (van der
Pouw et al., 1998; Bolind et al., 2000; Granström, 2000; Mylanus
et al., 2002; Bolind et al., 2006; Mlynski et al., 2008). This finding
is in line with the observed 57.7% BIC in this case study.

In addition, the literature review revealed a common finding
that, under the flange, an area with less bone contact was
observed (Tjellstrom et al., 1988; van der Pouw et al., 1998;
Bolind et al., 2000; Granström, 2000; Mylanus et al., 2002; Bolind
et al., 2006; Mlynski et al., 2008). In contrast, the visual
assessment indicates that the retrieved implant presented in
this case report has a higher degree of bone-to-implant contact
under the flange. This difference might be attributed to implant
design. In the studies included in the literature review, all the
extracted implants had a diameter of 3.75 mm and a flange of 5-
5.5 mm in diameter. The present case study, however, represents
the first retrieved PontoWide Implant that has been investigated,
which is a newer generation of wide diameter implant (Ø4.5 mm,
5 mm flange). Currently, implants for BAHS and BAAE
applications exclusively use these implants with a wider
diameter. These are either used as machined (turned), with
surface modifications, such as laser ablation (Shah et al., 2016)
or blasting (den Besten et al., 2016) or design features such as
microthreads intended to distribute axial loads and generate
stresses to the surrounding bone more evenly (Hansson, 1999)
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and thereby reducing the risk of bone resorption. A long-term
survival rate of 93.9-97.7% in adult populations has been
reported (den Besten et al., 2016; Lagerkvist et al., 2020), which
is higher than that of smaller implants (92.7%) (Dun et al., 2012).
Possibly, the higher degree of bone under the flange may be
attributable to an improved implant design. However, this
should be evaluated systematically in future studies.
Bacterial Colonization
Multiple microbiological sampling and different analytical
techniques were applied to the present case. At baseline and at
the12-week follow-up,mainly normal skin bacteriawere observed.
However, during episodes of inflammation, the bacterial diversity
increased in the peri-abutment skin, including other bacteria, such
as Escherichia coli,Haemophilus parainfluenzae, and Enterococcus
faecalis. During follow-up, pain complaints were present, although
the bacterial species altered over time. Previously, in dental
implants, pain was associated with IL-6 and IL-8 expressions
(Sayardoust et al., 2017). Although we could not confirm these
results for BAHS (Calon et al., 2018c), a similar mechanismmight
be attributable to pain complaints in this patient, irrespective of
which specific bacterial species were present. Additionally, in this
case, it cannot be excluded that the immune system might have
been impaired due to her diabetes (Geerlings and Hoepelman,
1999;Muller et al., 2005). Although this risk is decreasedwithwell-
controlled diabetes, an increased prevalence of implant loss and
adverse soft tissue reactions in BAHS patients with type 2 diabetes
mellitus has been reported (Horstink et al., 2012; Kellermeyer
et al., 2020).

Only later, at the time of abutment removal, Staphylococcus
aureus was observed in high amounts. Strikingly, the bacterial
profile on the implant strongly resembled the profile found on
the abutment prior to implant removal, indicating that the
infection was maintained on the implant level over 10 months
of soft tissue healing. In addition, the soft tissue contained several
areas of persistent staphylococci, as confirmed by FISH.
Moreover, bacteria-like cell structures were observed in the
peri-implant bone, suggesting bacterial colonization in the
bone. The subject complained of episodes of pain with
tenderness of the soft tissue around the implant, while
macroscopically the skin and bone showed no clear signs of
infection (Figures 1B, C). The presence of bacteria and
subclinical infection are plausible explanations for these
complaints. However, confirmation of these results is
warranted (i.e., by culturing the causative pathogen).

Previous studies have shown the presence of several different
species of bacteria in relation to BAHS as well as bacterial
colonization of implants and abutments (Holgers et al., 1995b;
Monksfield et al., 2011; Trobos et al., 2018). Cultures from both
noninflamed and inflamed BAHS sites have identified CoNS
(especially S. epidermidis) and S. aureus (Holgers et al., 1992;
Holgers et al., 1994a; Holgers and Ljungh, 1999; Trobos et al.,
2018). The present study, using the detection of bacterial DNA
by the IS-pro technique, confirms their presence and possible
role in adverse reactions associated with BAHSs.
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In the present case study, the samples analyzed with IS-pro
used bacterial swabs obtained from the cover screw and the top
of the implant. An important observation was that bacteria were
also detected in the peri-abutment soft tissue with indications of
their presence in the peri-implant bone. If we assume that
bacterial colonization is indeed present in the peri-abutment
soft tissue with indications of their presence in the peri-implant
bone, it is striking that the implant itself was well integrated. In
addition, ISQ, a suggested surrogate for implant stability
(Meredith et al., 1996), remained stable over time. While the
immune responses around implants are assumed to be impaired
(Broekhuizen et al., 2008; Busscher et al., 2012), an equilibrium
might be present, preventing complete bacterial colonization of
the implant while bacteria persist intracellularly. Shifts in this
equilibrium or in bacterial flora composition and mechanical
load might also be explanations for the episodes of tenderness
described by the patient.

Apart from visit 4 (after 24 days), visit 6 (after 6 months) and
visit 12 (after 14 months), the highest level of pain was reported
by the patient. When evaluating the bacterial and gene
expression profiles at these time points, the following
observations could be made. First, two distinct bacterial flora
compositions were detected, with a constant prevalence and
increasing abundance of S. epidermidis over time. The species
S. epidermidis is considered to be a permanent colonizer of
human skin and an important etiological agent of implant-
associated infections, particularly those with a more chronic
course (Otto, 2009). While not producing aggressive virulence
factors, it is highly possible that the implant becomes
contaminated during insertion, eventually becoming an
opportunistic pathogen (Uckay et al., 2009). The IS-Pro results
showed that the presence of S. epidermidis in the skin-abutment-
implant compartments was ubiquitous, and its relative
abundance increased over time, which could have driven, at
least partly, the chronic pain experienced by the patient. Second,
S. aureus was detected toward the end of the implant in situ
period (visit 12-14 = after 14-25 months), corresponding to
clinical signs of irritation, pain, removal of abutment and
implant explantation. Contrary to S. epidermidis, S. aureus
commonly causes acute and virulent implant-associated
infections (Otto, 2009). The presence and high abundance of S.
aureus at this stage could have been linked to the documented
pain and irritation, leading to the removal of the abutment
and implant.

Recent findings have shown that sensory neurons have a
microbial detection mechanism leading to neuronal activation as
well as pain and itching (Baral et al., 2016). S. aureus, detected in
the present case, might induce pain via action potential
generation in nociceptor neurons (Chiu, 2018). Similar to the
immune system, one mode of sensory neuron pathogen
recognition is via receptors, such as toll-like receptors (TLRs).
Furthermore, neuron-immune cell crosstalk modulates the
cellular response and activation. Neurons are activated by
immune cell-derived cytokines (e.g., IL-1b and TNF-a),
chemicals (e.g., histamine and bradykinin), and lipid mediators
(e.g., prostaglandins), thus leading to pain and itching. Neurons,
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in turn, release mediators that modulate immune cell function.
Hence, although pain and itch are symptoms of inflammation,
neurons also play a role in regulating the immune response and
host defense. Interestingly, while typical antimicrobial host
defense mechanisms, such as immune cell recruitment and
cytokine production, are initiated minutes to hours after
infection, neurons are able to respond within milliseconds of
encountering pathogens (Baral et al., 2016). Although speculative
and not possible to elucidate for this case, persistent microbial
stimulation might provide one explanation for the pain
complaints, despite any macroscopic evidence of infection.

Tissue Response
In the present systematic literature review, only two studies
evaluated the soft tissue around the abutment for two cases
revealing inflammation. In addition to these two studies, Holgers
and coworkers analyzed the soft tissue adjacent to percutaneous
implants in the temporal bone using histological and
immunohistochemical techniques in a series of papers (Holgers
et al., 1989; Holgers et al., 1994a; Holgers et al., 1994b; Holgers
et al., 1995a; Holgers et al., 1995b). In summary, these studies
showed a high number of inflammatory and immune cells in
association with the abutment even in clinically non-irritated
peri-abutment soft tissue. Clinically observed irritated soft tissue
demonstrated elevated number of peri-abutment inflammatory
and immune cells, indicating a peri-implant cellular barrier
which is alerted upon exogenous stimuli.

A recent prospective clinical study used qPCR to demonstrate
an upregulation of genes related to inflammation (IL-1b, IL-8)
and tissue remodeling (COL1a1, MMP-9, and TIMP-1) within
the soft tissue close to the abutment 12 weeks after implantation
in BAHS, compared with the baseline. Furthermore, the
expression of IL-1b, IL-17 and TNF-a was higher in patients
experiencing adverse soft tissue reactions (inflammation) than in
noninflamed patients (Calon et al., 2018c). An observational
study analyzing fluid exudate at noninflamed and inflamed
BAHSs for the detection and quantitation of secreted proteins
revealed significantly higher concentrations of the pro-
inflammatory cytokines IL-1b, TNF-a, and TIMP1 in inflamed
BAHSs than in noninflamed BAHSs (Grant et al., 2010). In
agreement with the latter findings, the expression of genes
denoting inflammation (IL-1ß, IL-6, TNF-a, MIP-1a) was
upregulated compared with that in a noninflamed state.

Patient Related Factors
In experimental models, diabetes has been found to be associated
with impaired osseointegration and wound healing (Gerritsen
et al., 2000). Similarly, in BAHS applications, diabetes has been
found to be related to a higher degree of implant loss whereas
Body Mass Index (BMI) has been associated with soft tissue
reactions (Horstink et al., 2012; Rebol, 2015; Candreia et al.,
2016). However, other studies have found no relationship
between BMI and diabetes with soft tissue reactions or implant
loss (den Besten et al., 2015). The patient in the case reported
here was installed with a 12 mm abutment. In the randomized
controlled trial, in which this patient was enrolled, the 3 months
follow-up data included a statistical model for implant stability
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 16
in terms of ISQ, demonstrating that implants with a 12 mm
abutment had a mean ISQ value of 51 directly post-implantation
(Calon et al., 2018a). This is equal to the primary ISQ value for
the individual patient reported here. Hence, the stability values
for the case patient and the further rise during follow-up were
consistent with normal values in the trial. Although there were
no indications of an unstable implant, the presence of diabetes
and a relative thick skin could be relevant factors associated with
a chronic infection.

Clinical Considerations
Chronic pain related to BAHS is a known problem that can
hinder overall satisfaction, increase morbidity and medical
consultation, and can even lead to implant removal (Badran
et al., 2009; Siau et al., 2012; Calon et al., 2018b). Titanium
allergy, dura contact, and bacterial presence have been postulated
as possible explanations for these complaints (van der Pouw
et al., 1998; Mylanus et al., 2002; Addison et al., 2012). In clinical
practice, pain complaints without specific macroscopic signs of
inflammation are sometimes pragmatically treated with local or
systemic antibiotics, but no clear treatment strategy is defined
(Kruyt et al., 2017). A recent retrospective chart analysis of
BAHS patients with idiopathic pain showed that in
approximately 40% of patients, the pain was resolved with oral
antibiotic combination treatment (Caspers et al., 2019). A newly
designed scale for soft tissue assessment in bone conduction
implants specifically mentions pain as a possible reason for
antibiotic treatment (Kruyt et al., 2017). In reviewing the
literature on causes and management strategies for delayed
pain post cochlear implantation (CI) surgery, without clinical
evidence of inflammation or infection, it was found that oral
therapy (analgesia, nonsteroidal anti-inflammatories, antibiotics)
and local treatments (topical, injections) resolved pain in 41%
and 63% of patients, respectively. A total of 33% of patients in
this review required explantation of the device, with complete
resolution of pain in all of these patients (Sethi et al., 2020).
Additionally, for the patient described in the present case report,
the pain diminished at the first follow-up visit after implant
removal. Our findings support the recommendation to treat
idiopathic pain with oral antibiotic combination treatment. If
unresponsive to conservative treatment, removal of the implant
might be necessary (Siau et al., 2012).

Diagnostics
Although treatment of pain may involve systemic or local
antibiotic agents, it is matter of urgency to arrive at a diagnosis
of infection prior to treatment. A dilemma presents itself
considering the best method for the diagnosis of chronic (peri-
)implant infection without the removal of the device itself. The
BAHS is a percutaneous device resulting in permanent bacterial
colonization through the skin breach. Both conventional
bacterial cultures and molecular techniques (IS-pro, whole-
genome sequencing or PCR) seem suitable techniques for the
detection of bacteria on BAHSs (Trobos et al., 2018; Calon et al.,
2019). Knowledge of which bacterial species are present at the
implant level in patients without pain is lacking; however, there is
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recent mounting evidence of a link between the presence of S.
aureus and S. epidermidis in cases of inflammation (Calon et al.,
2019). Due to the titanium composition of the BAHS, imaging by
means of MRI or CT is unlikely to yield reliable outcomes with
respect to chronic bone inflammation. As judged by the findings
in the present study, further studies are needed to determine if
sampling from any of the two most easily accessible peri-implant
compartments (abutment, peri-implant crevice) is sufficient, or if
small biopsies of the skin are mandatory for culture or molecular
analysis to achieve an infection diagnosis. Histological evaluation
of soft tissue biopsies taken from the peri-abutment might yield
some evidence of soft tissue invasion with bacteria and
inflammatory cells. Recently, the use of paper points, a less
invasive sampling technique, has been shown to be feasible for
evaluating peri abutment bacteria (Trobos et al., 2018). In
addition, the composition of inflammatory cells and cytokine
expression profiles might provide deepened insight into the
infection diagnosis or the inflammation of the peri-abutment
skin. Although one should consider the risks for complications of
a biopsy, multimodal evaluation of soft tissue combined with a
peri-implant bone biopsy might yield the most conclusive
evidence for chronic infections of the peri-implant bone.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 17
Diagnosis is indeed an essential step when addressing adverse
reactions and clinical events may occur in different
compartments. Therefore, a combination of different
techniques may be needed for an accurate diagnosis: clinical
signs and symptoms, laboratory signs of infection, microbiology,
histology, and imaging. However, from a clinical perspective
some of the explorative techniques, which was applied in the
present case, may not be readily available. Hence, at this stage it is
rather premature to arrive at definite recommendations in cases
of subclinical infections in combination with idiopathic pain.
This report presents an in-depth analysis of a single patient and
both the clinical and research community are in need of more
information. Although evidence for the best approach for
idiopathic pain in BAHS and BAAE is lacking, we propose the
following stepwise approach in patients with pain complaints: (1)
Local treatment with hygienic advice, (2) Sampling (swabs or
paper-points from abutment-skin interface), diagnostic
microbiological cultures and susceptibility testing of causative
pathogen, and initiation of oral antibiotics, (3) Broad spectrum
oral antibiotics, (4) Abutment removal and (5) Implant removal.
In case of removal of abutment and implant, these should
preferably be retrieved, preserved and analyzed.
FIGURE 8 | A suggested flow chart for retrieval analyses, enabling a multimodal and multiscale approach, adapted for the Implant Retrieval Network. Depending on
sample type retrieved (soft tissue, hard tissue, implant, abutment) various analytical methods are available, however, via different sample preservation and
preparation routes.
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Future Studies
To gain further understanding of osseointegration, a detailed
evaluation of clinically retrieved implants is needed. Elective
implant removal is quite rare. However, when removal is
requested, it is usually associated with a relatively high degree of
morbidity. Although uncommon, chronic pain is one of the most
common reasons for implant removal and deserves increased
attention. Biofilms have been shown to be present on BAHSs
(Monksfield et al., 2011; vanHoof et al., 2015). Implant-associated
infections can pose a challenge in clinical practice, especially in
cases of biofilm formation leading to chronic infections and
increased resistance to antibiotic treatment (Francolini and
Donelli, 2010). Device removal may be necessary in these cases
for the complete eradication of the infection. As presented in this
article, several techniques can be employed in cases of implant
removal to increase our knowledge of osseointegration, chronic
pain, and implant-associated infection and inflammation. Larger
case series using various techniques to determine osseointegration
and sensitive procedures for bacterial detection are needed to
confirm our results.

Retrieval, Processing, Preparation, and
Analysis of Clinical Implants
The importance of a detailed understanding of how a given
implant design performs in humans cannot be overstated. We
currently lack insight into the biological processes at and around
bone-conducting implants because most of the knowledge is
based on rather subjective clinical observations. Therefore, the
mechanisms leading to success as well as complications, such as
inflammation, infection, and failure, are poorly understood.
Implant retrievals may allow for a detailed analysis of an
implant and its surrounding tissue, as demonstrated for the
present case, particularly if a multimodal and multiscale
analytical approach is adopted. To advance this, we created a
collaborative implant retrieval network with leading European
clinics and universities to collect and analyze retrieved implants.
The aim of this initiative is to provide a detailed characterization
of tissue compartments using multiple analytical techniques and
to correlate the clinical data with the underpinning
microbiological, molecular, and morphological fingerprints at
the tissue interface (Figure 8). Therefore, we aim to increase the
understanding of the mechanisms underlying the success and
failure of different BAHS treatments.

The etiology of chronic pain is indeed a clinically challenging
problem and increased understanding of this issue is essential. In
cases when implant removal is deemed necessary, we suggest
adhering to a systemic approach (Figure 8). By following this
approach, increased knowledge on adverse events is gained and
may provide increased evidence-based treatments in the future.
CONCLUSION

In this report we provide a detailed analysis to understand the
possible mechanisms in the challenging case of chronic pain after
BAHS. Extensive analyses show clear evidence of osseointegration
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 18
of the retrieved Ponto Wide Implant using complementary
techniques. Here, we provide evidence suggesting that chronic
pain related to BAHSs can result from a chronic bacterial infection
with observed intracellular bacteria, even when no macroscopic
signsof an infection arepresent.To further improveunderstanding
on osseointegration and adverse events in BAHS, we introduce a
flow chart for retrieval analyses, linking clinical findings with the
status of the tissues surrounding the implant. A lack of literature is
revealed by the very few cases found in the systematic review part,
indicating the need for further case studies/series.
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